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Abstract 
The effects of hydrogen have been studied on low carbon steel (JIS S10C), which contains limited amount of pearlite. Fatigue 
life and its strain rate dependence have been examined. The possible mechanism of hydrogen effect on those properties has been 
discussed. The hydrogen absorbed was 0.5-1.5mass-ppm, according to the thermal desorption analysis (TDA). Main part of the 
hydrogen is dissolved in the matrix; the rest part is trapped by pearlite. This small hydrogen severely reduces the fatigue life,
even in S10C steel that is considered to be less susceptible to hydrogen embrittlement. The more the hydrogen is absorbed, the 
less the fatigue life is. Hydrogen absorption also causes the increase in stress amplitude. Fractographic examination revealed the 
fracture process as the followings. The hydrogen gasifies at the interface between the non-metallic inclusion and matrix. Then the
high pressure hydrogen gas atmosphere maintains hydrogen content in the matrix around inclusion. This assists the crack 
initiation at the interface of inclusion, and also assists the crack propagation through producing the fish-eye fracture. According
to the published works on non-hydrogen charged specimens, vacancy plays an important role in both crack initiation and 
propagation, and determines the fatigue life. The stress amplitude is believed also influenced by the vacancy that is produced by 
the movement of jogged dislocation. When these vacancies are stabilized by hydrogen, fatigue life will be decreased with the 
increased stress amplitude. Fatigue life is decreased with slower strain rate test. Stress amplitude shows the negative dependence 
to the strain rate. These are claimed as the features of dynamic strain aging (DSA). Considering the above mentioned knowledge 
on vacancy stabilized by hydrogen, the DSA is brought about by the interaction between dislocation and vacancy-hydrogen pair. 
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1. Introduction 
Hydrogen that is absorbed by steel often influences the mechanical properties. Hydrogen embrittlement (HE) is 
the typical example of them. This phenomenon is related to the performance in wide applications, and numerous 
studies have been reported. In these studies, constant load test or slow strain rate test is employed. There are a few 
reports under fatigue test conditions [1-2].  
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Table 1 Chemical composition of the S10C used in this study᧤mass%᧥
Fatigue tests are expectedly conducted under the environment that simulates operating conditions. Sometimes, 
the environment would interact with the stress or strain like the case of stress corrosion cracking. It is not always 
appropriate to evaluate the effect of hydrogen that is contained by the materials.  
Spec. Diameter C Si Mn P S Cr Mo Al N
S10C 28mm 0.14 0.20 0.54 0.014 0.013 0.06 <0.01 0.032 0.0051
This report aims to study the basic effect of hydrogen on fatigue properties including fatigue life in low carbon 
steel (JIS S10C, equivalent to ASTM 1010), which is low carbon steel and contains few amount of pearlite. Strain 
rate effect has been also examined. Those are discussed with the results of thermal desorption analysis (TDA) of 
hydrogen.  
2. Experimental procedure 
Commercial JIS S10C hot rolled bar are used for the experiment after normalizing treatment at 1123K. Its 
chemical composition and microstructure are shown in Table 1 and Fig. 1. Its microstructure is composed of ferrite 
and about 10% of pearlite.  
Round bar specimens measuring 5mm in diameter and 50mm in length were machined from the center of the 
normalized stock. They were hydrogen charged in the 0.1N sulfuric acid aqueous solution containing 0.06mass% 
ammonium thiocyanate. They are tested by thermal desorption analysis (TDA) after reserving in liquid nitrogen 
within 1 day. 
Round bar fatigue test specimens with parallel portion of 13mm in diameter and 20mm in length were machined 
from the normalized S10C bar stock. They were hydrogen charged in the above mentioned solution for 2 weeks, and 
reserved within 1 day in liquid nitrogen before fatigue tests. These specimens were attached to the servo-hydraulic 
fatigue testing machine as quick as possible. Strain controlled low cycle fatigue tests were conducted. The leading 
time before tests were within 7 minutes including attaching the strain gauge.  
Fractured surface were examined by scanning electron microscope (SEM) equipped with energy dispersive X-ray 
spectroscopy (EDS).  
3. Experimental results 
3.1. Thermal desorption analysis 
Specimens were hydrogen charged at constant 
current densities of 5-100 A/m2 for 1 day. Their 
hydrogen desorption were analyzed by heating at 
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Fig.2 Hydrogen desorption spectra of specimens 
hydrogen-charged at various current densities Fig.1 Microphotograph of S10C normalized 
from 1123K 
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Fig.3 Variation of hydrogen content by current density 
measured by desorption spectrum analysis 
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Fig.4 Correlation between main- and sub-peak heights in 
Fig. 2 
100K/h. Desorption behavior were shown in Fig. 2. Main desorption peak locates around 325K. The spectra blow up 
around 375K, and diminish around 385K. When the cathodic charge is conducted with the current density of 
100A/m2, the spectrum out-skirts up to about 425K. 
Fig.3 shows the hydrogen content that is desorbed up 425ഒ is plotted against current density. The hydrogen 
content increases rapidly till 10 A/m2. It saturates at 1.5mass-ppm by further increase in current density. The peak 
height of desorption is correlated with desorption rate at 275K in Fig. 4. They show linear relationship. 
3.2. Low cycle fatigue tests 
3.2.1. Fatigue life 
Fatigue tests were performed on specimens hydrogen-charged at current densities of 20A/m2 and 50A/m2. The 
total strain amplitude is fixed to 0.0045. The results are shown in Fig.5 with those for no-hydrogen charging. Fatigue 
lives published by NRIM for normalized JIS S25C [3] (equivalent to ASTM 1020) steel are also plotted. The 
 
Fig.5 Coffin-Manson plot for number of cycles to fracture of 
hydrogen charged specimens, in comparison with non-hydrogen 
charged specimens and data from NRIM 
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Fig.6 Comparison of stress amplitude with cycles 
with or without hydrogen charging  
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vertical axis in Fig.5 represents plastic strain amplitude, and the figure illustrates the Coffin-Manson relation. 
The present S10C has fatigue strength almost equal to those of S25C by NRIM, but a little weaker. It is degraded 
remarkably after hydrogen charging is applied. The fatigue life is reduced to 7% of non-hydrogen charged specimen. 
When the hydrogen was charged after straining to 0.0045, the fatigue strength is further degraded to 3% of the non-
charged specimen. 
3.2.2.  Deformation behavior 
Stress amplitudes were determined from hysteresis curves, and they are plotted in Fig.6 against number of cycles. 
In comparison with the non-charged specimens, the stress amplitudes are increased by 5-6%. As they are tested with 
the same strain amplitude, hydrogen caused hardening of the steel.
3.2.3. Fractography 
Fig.7 shows the fracture surface of non-charged specimen observed by SEM. As shown in Fig.7(a), fatigue 
cracks initiate at surface and propagate toward inside. Crack propagation accompanies striations whose spacing is 
about 1μm, as shown in Fig.7(b)  
Fracture surface of hydrogen charged specimen is shown in Fig.8. It was hydrogen charged at 20A/m2 for 2 
weeks, and fatigue tested with total strain amplitude of 0.0045. Cracks initiate at positions shown by “i” in Fig.8 (a). 
Non-metallic inclusions exist at the crack origins, as shown in Fig.8 (a). The EDS measurement having detected 
aluminum (Al) from the inclusion, it is alumina inclusions. Each crack propagates circularly from the origin to the 
position of “f” accompanying flat fracture surfaces. It is composed of two different fracture surfaces. As shown in 
fig.8(c), one is featured by river pattern outlined presumably by grain boundaries, and the other is featured by vague 
striation pattern. The fracture surface outside of position “f” shows distinct striation, as shown in Fig.8 (d). 
3.3. Effect of strain rate 
Two different strain rates, 0.003/s and 0.0001/s, were employed in fatigue test on hydrogen charged specimens, 
which were hydrogen charged with a current density of 10A/m2 for 2 weeks. The total strain amplitude was not 
changed from 0.045.  
Fig.9 illustrates the effect of strain rate on fatigue life (number of cycles to failure). Fatigue life is hardly 
influenced by strain rate on non-charged specimens; it is sharply influenced in hydrogen charged specimens. Faster 
strain rate of 0.003/s decreased the fatigue life less than the case of 0.001/s. As shown in Fig.10, the fracture surface 
shows fish-eye, which exerts the trace of non-metallic inclusion at the center. When the strain rate is lowered to 
0.0001/s, the specimen was alive at cycles where 0.003/s test did failed. The test was suspended at 2000 cycles. 
The evolutions of stress amplitude in fatigue tests are compared in Fig.11 for hydrogen charged specimens. The 
stress amplitudes of 0.0001/s strain rate test are smaller than those for 0.001/s or 0.003/s test. Cycle time for 
10μm
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1mm
Fig.7 SEM images of fracture surface without hydrogen charging 
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0.0001/s test is as long as 1800s, which corresponds to 10 or 33 cycles for 0.001/s or 0.003/s tests. Hydrogen might 
diffuse out in the early stage of cycling.  
Fig.12 compares the strain rate dependence of stress amplitude at 10th cycle. Non-charged specimens showing 
positive strain rate dependence, the slope turns to negative with hydrogen charged specimens. 
4. Discussion 
4.1. State of hydrogen 
The TDA is useful to know the state of hydrogen in steels. The main peak in Fig.2 is as low as 325K. This low 
peak temperature is reported in TDA for pure iron. This hydrogen is in ferrite matrix and easy to diffuse. Each 
spectra has a shoulder around 375K, implying the existence of hydrogen in different state. Eutectoid steel is known 
to show peak at 375K [12] in TDA, where microstructure is consisted only by pearlite. As the part of pearlite 
structure is small as shown in Fig.1, the shoulder (i.e. sub-peak) should be caused by hydrogen trapped by pearlite.  
The hydrogen desorption rates of main peak and sub-peak showed proportional relationship. Amount of hydrogen 
dissolved in ferrite is proportional to that trapped by pearlite. Apparent diffusion rate of hydrogen becomes lower by 
the hydrogen trapping.  
For the case of current density as high as 100A/m2, hydrogen evolution is recognized at 400-410K. Small cracks 
might exist, which is like the case of hydrogen induced cracking (HIC) caused by immersion to aqueous solution 
1mm
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10μm
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10μm
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Fig.8 SEM images of fracture surface with hydrogen charging 
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containing hydrogen sulfide. Conversely, internal cracking before fatigue test can be cleared out for lower current 
density than 50A/m2.
4.2. Formation of fish-eye fracture surface 
As shown in Fig.7, fatigue crack initiates at surface and propagates inside accompanying striation in non-charged 
specimen. On the other hand, hydrogen charged specimen exhibits fish-eye fracture surface in Fig.8. Fatigue crack 
initiates at inclusion inside, and propagates circularly. If the crack initiation becomes easier by hydrogen charging, it 
must be on the surface. Hydrogen can diffuse easily in S10C, and its content becomes lower at early stage of fatigue 
test. Crack initiation site has to move inside where hydrogen content is kept almost unaffected.  
When the fatigue crack initiates at inclusion, clearance gap would be formed at the interface with metal matrix as 
shown in Fig.8 (b). It will be filled by high pressure hydrogen gas evolved from metal matrix. Thanks to this, 
hydrogen content is less decreased around inclusion and crack initiation can be promoted. This beneficial situation is 
kept during propagation until the crack appears on the specimen surface, leaving fish-eye fracture surface. 
4.3.  Effect of strain rate on hydrogen charged specimen 



   
6WUDLQUDWH V
1X
P
EH
UR
IF
\F
OH
V
WR
ID
LOX
UH
1
I
1R+\GURJHQ
+\GURJHQ
,QWHUXSWHG
Fig.9 Relation between fatigue life and strain rate for 
specimens with or without hydrogen charging 
1mm
(a)
Fig. 10 SEM fractograph showing fish-eye of specimen 
that was hydrogen charged and fatigue tested at strain rate 
of 0.003/s 
Fig. 11 Comparison of stress amplitudes for hydrogen 
charged specimens that are fatigue tested at different 
strain rate. Hydrogen charged   
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Fatigue life of carbon steels is reported to be reduced at slower strain rate in low cycle fatigue tests at 200-300ഒ.
It is rationalized by dynamic strain aging (DSA) between moving dislocation and interstitial atoms like carbon (C) 
and Nitrogen (N). Negative dependence of stress amplitude to strain rate is also accompanied. 
Fatigue life of hydrogen charged specimen, as shown in Fig.12, is reduced by lowering the strain rate from 
0.003/s to 0.001/s. Further, the stress amplitude changes negatively with strain rate, as shown in Fig.12. Physical 
behavior supports DSA. Hydrogen atmosphere around moving dislocation is suspicious to the reduction of fatigue 
life.
4.4. Mechanism for the degradation in fatigue life by hydrogen charging 
Changes in substructure have been studied using transmission electron microscopy (TEM) [4]. Cyclic straining 
forms dislocation bundles, in which dislocation dipoles are accumulated. Channel is the region between these 
bundles, where dislocation dipole is lacking. Repeated cycling makes dislocation dipoles of opposite sigh 
disappeared, producing vacancies. These vacancies are the sources of intrusion/extrusion and assist the striation 
formation. Cyclic motion of jogged screw dislocation in channel is affected by vacancies and stress amplitude is 
changed.  
Among various dislocation models is hydrogen-enhanced strain-induced vacancy model (HESIV) [5]. The 
essence of this model is the importance of vacancy formation and its coalescence in hydrogen embrittlement. 
HESIV is directly combined with the above mentioned dislocation model for fatigue. Stabilization of vacancies by 
hydrogen promotes fatigue crack initiation and propagation, together with the increase of stress amplitude. 
As mentioned in section 4.3, DSA is suspicious to the effect o hydrogen on fatigue life. Usually DSA is believed 
to be brought about by atmosphere around moving dislocation by interstitial atoms or interstitial/substitutional 
atoms pair. Considering the vacancy stabilization by hydrogen, this DSA is presumably produced by atmosphere of 
vacancy-hydrogen pair. 
5. Summary 
Effects of hydrogen in steel have been fundamentally examined by low cycle fatigue test on normalized JIS S10C 
steel that contains small amount of pearlite. Thermal desorption analysis was utilized. By addition of experiments at 
different strain rates, the possible mechanism for the degradation of fatigue properties has been discussed. Major 
results obtained are as follows. 
1) The total hydrogen content is 0.5-1.5mass-ppm by the present hydrogen charging conditions. Major part is 
dissolved in the lattice; the rest is trapped by pearlite. 
2) This hydrogen severely degrades the fatigue life of S10C that is less susceptible to hydrogen embrittlement. 
Decrease of fatigue life was accompanied by increase of stress amplitude. 
3) Preserved hydrogen gasifies at the interface between matrix and non-metallic inclusion. It keeps the 
hydrogen content less decreased, and promotes both initiation and propagation of circular fish-eye fracture surface. 
4) Hydrogen stabilizes vacancy that is produced during fatigue process. This will cause the fatigue life 
decreased through enhancing both the intrusion/extrusion and striation, which promote both crack initiation and 
propagation. Hydrogen also stabilizes vacancy that is formed by the movement of jog screw dislocation. This leads 
to the increased stress amplitude.  
5) Hydrogen charged specimen exhibits mechanical features that are specific to dynamic strain aging (DSA). 
Slower strain rate yields lesser fatigue life and increased stress amplitude. This DSA is brought about by the 
atmosphere of vacancy-hydrogen (V-H) pair around dislocation. 
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